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SOME CONSEQUENCES OF THE DECOMPOSITION 
OF ORGANIC MATTER IN LAKE NITINAT, 
AN ANOXIC FJORD1 
Francis A. Richards, Joel D. Cline, 
William W. Broenkow, and Larry P. Atkinson 
Department of Oceanography, University of Washington, Seattle 
ABSTRACT 
Observations in Lake Nitinat, an anoxic fjord on Vancouver Island, British Columbia, 
indicate that the large accumulations of ammonia, carbonates, phosphates, silicates, and sul-
fides in the deep water are the result uf oxidative and fermontative decomposition of organic 
matter of planktonic origin, the reduction of sulfate ions, hydrolytic or other non-oxidative 
release ( in the case of silicates ) , and tho solution of carbonates ( which also increases the 
alkalinity). Ammonia, sulfides, and silicates accumulate in the sulfide zone in direct pro-
portion to each other, but some of the phosphate is probably released from the organic 
matter earlier than the other components, and some of the phosphate muy be precipitated 
onto the bottom. Methane was observed in the anoxic waters, suggesting that some de-
composition takes place by anaerobic fermentation. '1110 concentrations of·ferrnus and sul-
fide ions are probably controlled by the solubility of ferrous sulfide. The vertical distribu-
tion of sulfides can be described by a mathematical model that can be simplified to one 
dimension because horizontal advoctivc and diffusive terms can be neglected. 
INTltODUCTION 
In several of his papers, Redfield ( 1934, 
1942, 1958) has related the changes in 
concentration of nitrogen, carbon, and 
phosphorus compounds accompanying bio-
logical processes in the marine environment 
to the average ratios in which these ele-
ments occur in marine organisms. lie ha~ 
also shown that the consumption of dis-
solved oxygen from the water is statistically 
related to these changes in a relatively 
fixed proportion. These concepts have led 
to stoichiometric models of the ratios in 
which inorganic forms of nitrogen, phos-
phorus, and carbon are bound by photo-
synthesis and again released to the water 
by respiration and decomposition. The ac-
companying production and consumption 
of dissolved oxygen is an integral part of 
these models. 
The above models have been based on 
statistically average plankton material in 
which the ratio C : N : P = 106: 16 : 1, by 
1 Contribution No. 372 from the Department of 
Oceanography, University of Washington. This 
work was supported in part by Office of Naval 
Hoscarch Contract Noru: 477 ( 37), Project NR083-
012 and National Science Foundation Grant 
Gl9784. 
atoms. This ratio has been used by Richards 
( 1965, in press ) to construct a model of 
average organic matter in the sea having 
the empirical formula ( CH20 hoo ( NHs) rn 
H 3P04. The biochemical oxidation of this 
material would be completed, at the ex-
pense of dissolved oxygen, according to the 
equation 
( CH20) 100 ( NHa) 10H3P04 + 106 02 
= l06C02 + 16NII3 + H3P04 + 106H20. 
Ammonia is a transient form in oxygen-
hearing seawater, and is ultimately bio-
chemically oxidized to nitrate by processes 
that can be represented thus; 
16 NHs + 32 02 = 16 HNOs + 16 H 20. 
Adding the above equations gives 
( ClhO) 100 ( NIia) 10HsP04 + 138 02 
= 106 CO2 + 122 H20 + 16 HN03 
+ l-I3P01. (1) 
This equation provides the ratios in which 
concentrations of dissolved oxygen, total 
carbon dioxide, nitrate, and phosphate ions 
would change when organic matter having 
the proposed composition was completely 
decomposed in the marine environment. 
Enough tests of the model have been made 
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to show that it is a reasonable representa-
tion of these processes in large areas of the 
ocean ( Stcfansson and Richards 196,3; 
Brocnkow 1965; Sugiura and Yoshimura 
1964; Sugiura 1965). 
The assumptions of the above model arc 
not always fulfilled because 1) largo depar-
tures exist from the assumed average com-
position of the plankton ( Riley 1951, 1956) 
and 2) the rates of regeneration of phos-
phorus, nitrogen, and carbon may not be 
uniform with the result that the reactions 
do not go to completion or are not com-
p lcted simultaneously. The admixture of 
waters containing preformed nutrients, as 
defined by Redfield ( 1942), can obscure 
the model relationships. 
The model referred to above can apply 
only as long as free dissolved oxygen is 
available in the water. This is generally 
the case in the open ocean; Redfield ( 1958) 
has shown that the balance of nature is 
such that in the freely circulating parts of 
the ocean, the oxygen demand is somewhat 
more than met by the solution of air and by 
photosynthetic production. This is because 
the amount of organic matter that can be 
formed is limited hy the availability of 
nutrients. However, this is not the case in 
certain marine environments ( that Redfic]d 
calls nutrient traps) where the circulatory 
replenishment of oxygenated water is 
limited, or the biochemical oxygen demand 
is unusually high, or both. These environ-
ments become anoxic; they arc usually semi-
enclosed basins or fjords . The Black Sea, 
Dramsfjord in Norway, the Gulf of Cariaco 
an<l the Cariaco Trench in the Caribbean 
Sea off Venezuela, Kaoe Bay in Indonesia, 
and Saanich Inlet and Lake Nitinat on 
Vancouver Island in British Columbia arc 
examples of these environments ( Richards 
ancl Vaccaro 1956; Hiehards 1965, in press). 
A model has been proposed by Richards 
( 1965, in press) for the decomposition of 
organic matter in anoxic marine environ-
ments, where nitrate and nitrite ions supply 
the oxygen consumed by the biochemical 
oxidation of organic matter as long as they 
arc available; when they arc completely ( or 
nearly completely) consumed, sulfate reduc-
tion can ensue. The first part of the model 
is represented by the equation: 
( CH20hoo(NII3)ioHsP04 + 84.8 HNO:i 
=: 106 CO2+ 42.4 N2 + 148.4 H 20 
+ 16 NH3 + H 3P04. (2) 
This equation ignores the intermediate re-
duction of nitrate to nitrite, and does not 
show the possible oxidation of ammonia 
at the expense of nitrate which may or may 
not take place during this stage. If it docs, 
the equation 
( CH20 hoo( NH3 )rnll3P0.1 + 94.4 HN03 
= 106 CO2 + 55.2 N2 + 177.2 H20 
(3) 
might be expected to describe the relation-
ships. Sulfate reduction can be represented 
by the equation 
( CllzO )10o(NHa)1 0H3P04 + 53 S04~ 
== 106 CO2+ 5.3 s~ + 16 Nl-1;3 
+ 106 H 20 + H 3P0.1, ( 4) 
The observations reported in this paper 
have been made to examine a natural 
system in terms of its adherence to, or 
departures from the above model, and to 
describe other features arising from the 
anoxic decomposition of organic matter. 
The authors wish to acknowledge the in-
spiration that the career of Alfred C. Red-
field has given them, personally and in his 
writings. We wish also to acknowledge the 
help of Dr. Kilho Park, who carried out the 
methane analyses given in Table 1 and 
chromatographic CO2 analyses in the field, 
and the assistance of our colleagues in the 
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department, particularly L. A. Codispoti, 
M. Healy, D. R. Kester, H. A. Kletsch, 
Meredythe Meller, R. Overstreet, R. W. 
Hiley, D. Robare, and Edwyna von Gal. 
MET.UODS AND MATEHIALS 
Observations of temperature, salinity, 
dissolved oxygen, inorganic phosphate, 
nitrate ions, nitrite ions, ammonia, reactive 
silicate, pH, alkalinity, total carbon dioxide, 
free dissolved nitrogen, dissolved methane, 
dissolved hydrogen, and of sulfides and 
other reduced forms of sulfur have been 
made in Lake Nitinat on two occasions. 
Temperature was observed using stand-
ard deep-sea reversing thermometers. 
Salinity was determined from conduc-
tivity measurements and by Knudsen tih·a-
tions. 
Dissolved oxy{!,en was determined in the 
field using the Winkler titration and by 
analyses of gas samples extracted from the 
water by the methods of Brocnkow ( 1963) 
using Scholander's (1947) apparatus and 
methods. 
Dissolved nitrogen was determined by the 
gasomctric method used for dissolved 
oxygen ( above). 
Inorganic phosphate was determined by 
the ascorbic acid-potassium antimony! tar-
tratc method of Murphy and Riley ( 1962) 
as modified by Strickland and Parsons 
(unpublished). 
Nitrate ions were determined by a modifi-
cation of the hydrazine reduction method 
of Mullin and Riley ( 1955b). 
Nitrite ions were determined by the 
method described by Barnes ( 1959). 
Reactive silicate concentrations were de-
termined by the method of Mullin and 
Riley ( 1955a), modified by using Na2SiF0 
as a primary standard and in other minor 
details. 
pH was detcimined using either a Beck-
man Model G or Coming Model 12 pH 
Meter, after bringing the samples to a tem-
perature near 20C. 
Titration alkalinity was determined by 
the method of Anderson with Robinson 
( 1946) and by a modification of the 
method of Gast and Thompson ( 1958) in 
which standard acid was added to the 
sample and the excess back-titrated clcc-
tromctricaIIy to a pH of 7.00 after the 
liberated CO2 was purged from the sample 
with nitrogen. 
Total carbon dioxide was calculated from 
the alkalinity and pH using the tables and 
equations of Buch ( in Barnes 1959). It 
was also determined by the ~sometric 
methods referred to under the sections on 
dissolved oxygen an<l nitrogen, and by the 
gas chromatographic method of Swinncr-
ton, Linncnhom, and Check ( l962a,b). 
Methane and hydrogen: Hydrogen was 
detected and semiquantitatively estimated 
by gas chromatographic analyses of gas 
samples extracted from the water by the 
method used for dis~olved nitrogen. Meth-
ane was similarly estimated, but it was 
also determined by a modification of the 
methods of Swinncrton et al. ( 1962a,b ). 
Ammonia was determined by the method 
of Richards and Klctseh ( 1964). 
Soluble and particulate iron were deter-
mined according to the method described 
by Strickland and Parsons ( 1960). Particu-
late iron was determined on the residue 
remaining on a Millipore®2 0.45 p. filter 
after filtration of a 1-liter water sample. 
The soluble iron was detem1ined using 
100-ml subsamples of the filtrate. 
Total reduced sulfur compounds ( H2 S, 
5203 =, S0n") were detennincd by adding an 
excess of iodine to a seawater sample fol-
lowed by back titration of tho excess iodine 
to the . starch endpoint ( Kolthoff 1929), 
Thiosulfate ( S203=) and sulfite (S08=) 
were tested for by adding excess zinc car-
bonate to another aliquot and removing the 
precipitated zinc sulfide by filtration, fol-
lowed by iodomctric titration. 
Calcium concentrations were determined 
by the method of Pate and Robinson 
( 1958) and were corrected for strontium 
using the strontium-chlorinity ratio 0.0007. 
Samples were taken in all-plastic (high 
impact polyvinyl chloride) and rubber sam-
plers built from a modification of the Ems-
worth design of Carruthers, Stubbings, and 
2 Registered trademark, Millipore Filter Corpo-
ration, Bodford, Massachusetts. 
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Frc. 1. A. Station plan, Lake Nitinat June 1964 and June 1965. B. Distribution of salinity ( %0). C. 
Distribution of oxygen (µg-at./litcr)-arnl hydrogen sulfide (µ,g-at. / litcr)-Junc 196.5. 
Lawford ( 1950). The samples for nitrate, 
phosphate, and silicate were frozen in 
polyethylene bottles for subsequent analy-
sis in the laboratory. Ammonia samples 
were frozen in glass bottles after acidifying 
to a pH value of about 3. Samples for gas 
extraction were refrigerated in special glass 
containers; a small amount of a paste made 
of solid IlgClz and distilled water was 
added to them at the time of collection. 
OBSERVATIONS 
The data to be used in this paper arise 
from visits to Lake Nitinat made in June 
1964 and June 1965 aboard the RV Hoh of 
the Univeisity of Washington. 
Lake Nitinat is an anoxic :fjord on south-
western Vancouver Island, British Colum-
bia ( Fig. lA). It is about 2.'3 km long by 
1.2 km wide ( Northcote, Wilson, and Hurn 
1964). The -fjord is highly stratified and 
nearly cut off by a long, shallow ( 4 m) 
entrance from the open Pacific Ocean. A 
strong halocline exists by virtue of fresh-
water influxes, but salinities close to those 
of full seawater are found from depths of 
about 40 m to the bottom at about 200 m 
(Fig. 1B ). 
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F1c, 2. Vertical distributions of tompcraturc---
and salinity-at Stations 1 ( O) and 3- ( f::,, ) Juno 
1965. 
The vertical distributions of phosphate, 
silicate, and ammonia clearly demonstrate 
the extraordinary accumulation of these 
products of organic decomposition. The 
concentrations of phosphate, silicate, and 
ammonia in the deep waters of the fjord 
equal or exceed those found in the near-
bottom waters of the Black Sea at depths of 
nearly 2,000 m (Richards 1965). The 
nitrate and nitrite distribution show maxima 
above 20 m, but there was no evidence of 
the presence of nitrate or nitrite ions in the 
sulfide-bearing water, from which dissolved 
oxygen was also absent. Titration alkalini-
ties in the sulfide zone were larger than 
expected for normal seawater. 
Methane was detected, gas chromato-
graphically, in the anoxic waters. The 
method used was only semiquantitative, 
but the approximate concentrations ob-
served at Station 3 on 20 June 1965 arc 
shown in Table 1. 
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Fm. 3. Vertical distributions of dissolved oxy-
gen-and hydrogen su!fide---at Stations 1 ( 0) and 
3 ( 6) Juno 1965. 
Hydrogen was detected by gas chroma-
tography in samples taken in 1964, but not 
in any taken in 1965. No hydrogen was 
found in samples from the oxygenated zone, 
and maximum coneentrntions in the anoxic 
zone were about 100 µg-at. / liter. 
No infonnation on seasonal variations 
is available. Observations made in 1964 
were essentially like those in 1965. The dis-
tributions of the various chemical variables 
arc shown in Figs. 2 through 9. 
DISCUSSION 
The data will be examined in terms of 
the stoichiometric model referred to above, 
departures from the model, and possible 
explanations of the departures. Other fea-
tures of the ,moxie system will be com-
mented on. 
The consumption of free, dissolved oxy-
gen is assumed to be the difference be-
tween observed oxygen concentrations and 










Fm. 4. Vertical distribution of inorganic ni-
trate-nitrogen at Stations 1 ( O) and 3 (6.) June 
1965. 
the amount of oxygen that would be dis-
.solved in seawater having the in situ tem-
perature and salinity, when equilibrated 
with a standard atmosphere of water-
saturated air at the sea surface. The 
solubility data of Truesdale, Downing, and 
Lowden ( 1955) have been used, although 
these arc probably somewhat in error 
( Green 1965). Each molecule of oxygen 
so consumed is equivalent to two atoms 
of oxidation equivalents. 
The dissolved nitrogen estimates indicate 
that the production of free N2 by denitrifi.-
cation is quantitatively of minor importance 
in Lake Nitinat. The volumes of residual 
gases estimated hy the Scholander ( 1947) 
method exceeded those to be expected from 
the solution of air by the amount accounted 
for by methane ( Table 1) plus an amount 
of free nitrogen equivalent to about 30 to 
50 p.g-at./ litcr of nitrate-nitrogen ( equa-
tions 2 and 3). The oxidation equivalent to 
this amount of free nitrogen produced by 
denitrification ( 90 to 150 µg-at./liter) is 
small compared to the oxidation equivalents 
( up to more than 1,300 ,u.g-at./ liter) arising 
from sulfate reduc1:ion. This is in contrast 
to conditions in Dramsfjord, the Cariaco 
N02 -N, µg-at./liter 
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Frc:. 5. Vertical distribution of inorganic ni-
trite-nitrogen at Stations 1 ( O) and 3 ( l:,. ) June 
1965. 
Trench, and Saanich Inlet, in which dcnitri-
fication appears to be relatively more im-
portant ( Richards 1965). 
The amount of sulfate reduction was 
estimated from determinations of total 
reduced sulfur compounds. Tests for thio-
sulfate and sulfate were.negative ( the limit 
of detection for the sum of these ions was 
10 p.moles/ liter). Thus, the total reduced 
sulfur is assumed to be only hydrogen sul-
fide, although small, undetected quantities 
Of free sulfur, tctrathionate ( S4QG~) ions, 
and so on, may have been present. Each 
atom of sulfur present in the sulfide form is 
assumed to have yielded four atoms of 
oxygen ( equation 4). 
The maxima in the distributions of 
nitrate and nitrite ( Figs. 4 and 5) ap-
parently are caused by the release of these 
nutrients by bacterial decomposition of 
organic matter at the expense of free oxygen 
in the upper layer and by bacterial dcnitri-
fication in the oxygen-deficient layer below. 
Denitrification processes apparently are 
confined to a very thin zone near the 
sulfide-oxygen interface where the down-
ward diffusive flux of nitrate and nitrite 
are just balanced by denitrification. There 
ORGANIC DECOMPOSITION IN AN ANOXIC FJORD Rl91 














Fm. 6. Vertical distribution of inorganic phos-
phate-phosphorus at Stations 1 ( 0) and 3 ( f:,, ) 
June 1965. 
arc insufficient data from this zone to test 
the validity of equations ( 2) and ( 3), and 
only the relationships in equation ( 4) will 
be examined. The relatively large nitrite 
maxima observed just above the sulfide 
zone appears to represent an intermediate 
step in the reduction of nitrate to free N2 
( Brandhorst 1959; Richards 1965). 
Model relationship 
According to the model, the relationships 
in Table 2 should exist among the various 
products of organic decomposition and the 
equivalents of oxygen consumed, and these 
should be reflected in the correlation be-
tween the concentrations of the various 
decomposition products in discrete samples 
from the fjord and the slopes of the regres-
sion lines. The most important correlations 
in the data can be summarized as follows: 
1) There is good correlation between 
the concentration of ammonia and the total 
reduced sulfur compounds in the sulfide-
bearing waters ( Fig. 10). The slope of 
















Fm. 7. Vertical <lfatribntion of reactive silicate-
silicon at Stations 1 ( O) and 3 ( 6) June Hl65. 
the line shown was determined by the 
method of least squares and is not signifi-
cantly different from that predicted by 
the model, 6H2S : ~NH3 ::::: 53 : 16 ( 3.3 : I). 
This gives confidence in the model, at least 
insofar as this process is concerned. 
2) There is a high degree of linear re-
lationship between the concentration of 
reactive silicate and oxidation equivalents 
( Fig. 11). Although the regeneration of 
silicates is not considered in the model, this 
correlation may be used to help evaluate 
the quality of the data. Richards ( 1958) 
and Stcf{msson and Richards ( 1963) have 
observed silicate and phosphatt) concentra-
tions in natural environments that, in 
limited strata, appear to be linearly related 
or nearly so. GTill and Richards ( 1964) 
observed the concurrent release of silicate 
and phosphate from phytoplankton decom-
posing in the dark in a laboratory expcri-
mc.mt; during an intermediate time period, 
these clements seemed to be released in a 
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FrG. 8. Vertical distribution of ammonia-nitro-
gen at Stations 1 ( 0) and 3 ( 6 ) June 1965. 
ratio of ASi : 6.P of 23 : 1 ( by atoms), 
hut the overall ratio from the beginning of 
the experiment until near the end was close 
to the 16 : 1 ratio that Richards ( 1958) 
suggested occurred in several strata of the 
western North Atlantic Ocean and Carib-
bean Sea waters. During both the stage in 
which free 02 is the oxygen source and 
during sulfate reduction, the oxidation 
equivalents consumed should be linearly 
related to the phosphate concentration by 
equations ( 1) and ( 4), so it follows that 
oxidation equivalents and silicates should 
he linearly related. In Lake Nitinat, the 
ratio 6.oxidation equivalents : ASi04 = 16 : 
l (Fig. 11). 
There is no reason to believe that the re-
generation of phosphate and silicate are 
related through oxidative processes; it is 
more likely that both are simply regen-
erated hy reactions that follow first order 
reaction kinetics ( Grill and Richards 1964 ) . 
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FIG. 9. Vertical distributions of total carbon di-
oxide-and titration alkalinity---at Stations 2 ( 0) 
and 3 ( t::,.) June 1965. 
The point of this discussion is simply lo 
suggest that the data are good, that silicate 
and ammonia have accumulated as would 
be expected, and one would also expect 
phosphate ions to have accumulated in 
concentrations related simply to ammonia 
concentrations in the sulfide-bearing waters 
and to the oxidation equivalents in the whole 
system. Such is not the case ( Fig. 12), so 
explanations of the correlations involving 
phosphate will require that processes not 
included in the model be considered. 
3) The relationships between phosphate 
concentrations and oxidation equivalents 
and ammonia concentrations ( Figs. 12 and 
13) depart markedly from those predicted 
by the model. Two features of the relation-
ship between oxidation equivalents and 
phosphate concentrations in Fig. 12 dis-
agree with the model. First, the slope of 
the relationship in the anoxic zone is ~oxida-
tion equivalents : ~po4- 3 = 285 : 1 rather 
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FIG. 10. Hydrogen sulfide vs. ammonia-nitrogen 
Juno 1965. Computed slope of line is AS:Ll.NIL = 
50.2; 16. 
than 212 : 1 as predicted by the model. 
Second, there is a marked discontinuity in 
the relationship at the boundary between 
the oxygenated and anoxic zones. More-
over, the relationship between the ammonia 
concentrations and phosphate concentra-
tions is ANI-la : 6.P04 - 3 = 22 : 1 rather than 
the predicted 16 : 1. 
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RE:ACTIVE SILICATE-Si, µg-ot./lite, 
Fm. 11. Oxidation equivalents vs. reactive sili-
cate-silicon June 1965. Computed slope of line is 
Li.oxidation equivalents : A.Si = Hl : 1. Open cir-
cles represent data from oxygenated zone, solid 
dots represent data from anoxio zone. 
Because the sulfide-ammonia relationship 
agrees with the model, it appears that both 
ammonia and oxidation equivalents ( oxida-
tion equivalents in the anoxic zone vary as 
four times the sulfide concentration, be-
cause the oxygen consumption is practi-
cally uniform and presumably the amount 
of dcnitrification is constant and small in 
the anoxic zone) behave according to the 
model. Thus, it seems that phosphate is the 
anomalous variable . 
The large phosphate gradient observed 
at the depth of the oxygen-sulfide boundary 
( Fig. 6) is unlike the gradients of silicate 
( Fig. 7) and ammonia ( Fig. 8) at these 
depths, and plots of phosphate vs. silicate 
and ammonia show discontinuities similar 
to that in Fig. 12. These observations sug-
gest that phosphate is regenerated dispro-
portionately to silicate and ammonia in the 
upp~r part of the anoxic zone. If this were 
the case, less particulate phosphate would 
find its way to the bottom of the anoxic 
zone and higher than predicted Aoxidation 
equivalents : AP04 - 3 and ANI-13 : AP04 - 3 ra-
tios would result. 
This discontinuity could also be caused 
by the presence of about 3 µg-at./liter of 
preformed phosphate in the deeper waters 
of the lake. If that were the case, the high 
Aoxidation equivalents : aP04 -~ ratio must 
be caused by some process other than those 
accounted for by the model. One such 
process might be the inorganic precipita-
tion of calcium phosphate, Ca3 (P04h, from 
the near-bottom waters. To determine if 
inorganic precipitation is possible, the ion 
product of calcium phosphate was com-
puted as follows: 
The true phosphate ion, P04-3, concen-
tration was calculated using the empirical 
apparent dissociation constants of phos-
phoric acid given by Sendroy and Has-
tings ( 1927). These were corrected for 
temperature using the equations of Bates 
and Acree ( 1943) and Bates ( 1951) and 
extrapolated from the data compiled by 
Farr ( 1950). Thus, . the first, second, and 
third apparent dissociation constants, K 1' , 
Kz', and K31 at IOC are 
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pK1' = 2.09 - 0.5 y' µ , 
pK21 = 7.25 - l.25y'j:-, and 
pK/ = 12.67 - 2.25y' ft, 
where p., is the ionic strength of the solution. 
Assuming ,u. = 0.64 (Cl c::: 17.29%a ), and us-
ing tho data in Table 3, the calcium phos-
phate ion product was found to vary from 
3.4 to 7.3 X 10-2~ moles5 Hter-5• The ap-
parent solubility product of calcium phos-
phate was estimated from the following 
equation of Sendroy and Hastings ( 1927) : 
pK,p' = 30.95 I7.40y'µ . at T:::: 38C, (5) 
l + l.48y'µ. 
where K./ = 2.1 X 10-24 moles5 liter-5• This 
indicates that the waters deeper than about 
20 m arc approximately l 70o/o saturated with 
calcium phosphate. Because the relation-
ship in equation ( 5) was determined at 
38C, the estimated degree of supersatura-
tion is somewhat conservative. We do not 
imply that Caa ( P04 )2 is precipitating in 
this environment, but as Dietz, Emery, and 
Shepard ( 1942) have suggested, the degree 
of supersaturation of tricalcium phosphate 
may be related to the deposition of certain 
phosphoritc minerals. 
4) The relationship between total car-
bon dioxide and ammonia in the anoxic 
zone is shown in Fig. 14. Tue least squares 
slope of the line is llC02 : ~NH3:::: 141 : 16, 
and differs significantly from the 106 : 16 
ratio predicted by equation ( 4). Titration 
alkalinity values in Lake Nitinat arc about 
1 mcq/liter higher than "nonnaf' seawater 
( Harvey 1955), increasing from ca. 2.2 
mcq/liter at 20 m to over 3.2 meq/ liter in 
the deep water ( Fig, 9). The alkalinity 
contributed by sulfide ions ranges from nil 
to ca. 0.30 mcq/ liter. Phosphate, silicate, 
and borate ions will also contribute to the 
alkalinity, while ammonium ions will di-
minish it. The silicate contribution is prob-
ably negligible, while the contributions of 
phosphate, sulfide, and borate to the alka-
linity of a sample from 100 m at Station 3 
( 1965 ) arc estimated to be 0.024, 0.268, 
and 0.005 mcq/litcr, respectively. The car-
bonate alkalinity of the sample, estimated 
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Frc. 12. Oxidation equivalents vs. inorganic 
phosphate-phosphorus June 1965. Open circles rep-
resent data from oxygenated zone, solid dots repre-
sent dnta from anoxic zone. Computed slope of 
anoxic data is Li.oxidation equivalents : Li.PO,-•= 
28.5 : 1. 
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Fw. 13. Ammonia-nitrogen vs. inorganic phos-
phatc-phosphoms in the anmdc zone June 1965. 
Computed slope of the line is L'INH, : L'IPQ,-3 = 
22: 1. 
graphically determined total CO2, was 2.962 
mcq/litcr, and the contribution of ammonia 
( as estimated from the dissociation con-
stant given by Hodgman 1959) would be 
-0.117 mcq/liter: 
Carbonate alkalinity 2.96 meq/liter 
Phosphate alkalinity = 0.02 meq/liter 
Sulfide alkalinity = 0.27 meq/liter 
Borate alkalinity 0.01 rneq/liter 
3.26 meq/ liter 
Ammonia alkalinity = -0.12 meq/liter 
Titration alkalinity = 3.14 meq/liter. 
The titration alkalinity as measured was 
3.12 meq/ litcr. If the specific alkalinity of 
TABLE 3. Distl'ibution of totai inorganic phos-
phate-phosphorus ( µg-at.jliter), calcium ( milli-
moles/liter), observed calcium-chlorinity ratio 
(gm/gm), and pll at Station 3, June 1964 
Depth P0,-
3-P Ca Ca/ Cl 
(ro) (/Lg-at./ (mmole/ ( gm/ 1,'Ill) 
pH 
liter) lite r) 
.5 1.35 8.95 0.0315 8.16 
20 3.42 9 .18 0.0212 7.53 
29 8.90 9.39 0.0214 7.42 
54 9.66 9.43 0.0214 7.24 
69 10.68 9.43 0.0214 7.16 
99 11.27 9.48 0.0215 7.17 
129 11.45 9.45 0.0214 7.18 
3.2~-~-~----,------,--.----.-----, 
3.0 .. ... .: .. . .. 
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FIG. 14. Total carbon dioxide vs. ammonia-
nitrogen in the anoxic zone June 1965. Computed 
slope of the line is L'ICO, : L'INH, = 141 : 16. 
"nonnar' seawater is taken as 0.123 ( Har-
vey 1955, p. 161), the alkalinity of the 
Lake Nitinat sample should have been 2.125 
meq/li ter ( Cl = l 7 .28%0 ) before any ac-
cumulation of organic decomposition prod-
ucts began. The organic decomposition 
processes have therefore contributed 1.017 
mcq/liter to the alkalinity, of which 0.840 
meq/ liter is carbonate alkalinity which, at 
the ambient pH, would essentially all be as 
IIC03- ions. It is probable that any con-
tribution to the alkalinity made by organic 
acids ( ignored in the above calculation) is 
not measurable by titration because the 
original and final pl-I of the sample was 
near 7. 
The excesses of carbon dioxide can arise 
from three sources: a) the CO2 evolved as 
a result of the oxidative processes described 
in the model, b) the CO2 of fermentativc 
origin ( to be discussed below), and c) 
the solution of carbonates according to the 
equation 
MeC03 +CO2+ I-120 = Me(HC03)2. (6) 
The simple production of CO2 in the system 
hy means of a) and b) above will not con-
tribute to the alkalinity, and the CO2 pro-
duced by these processes must enter reac-
tions analogous to equation ( 6) for the 
Rl96 F. A. lUCHAlWS, J. D. CLINE, W, W, BHOENKOW, AND I.. P. ATKINSON 
TAnLE 4. Distributions of pH, total hydrogen 
sulfide, and soluble and particulate iron at St°'" 
tion 3, June 1965 










































































































,, Limit of detection by this method was 10 µg-at./litcr 
nf n,s. 
alkalinity to reach the high observed values. 
If half of the increase in HC03 - ions arose 
from the solution of CaC03, the calcium : 
chlorinity ratio should have been increased 
by about 5o/o. Because of analytical uncer-
tainties of the base value of this ratio it is 
impossible to determine if the Ca++ : Cl ra-
tios in Table 3 reflect such an increase. 
This increase in carbonate alkalinity is, 
however, in good agreement with the in-
dependently estimated contribution to the 
CO2 content of the water by anaerobic 
fermentation and the oxidation of organic 
matter. 
The slope of the correlation between am-
monia and carbon dioxide (Fig. 14) would 
also be altered by anaerobic fermentation. 
The presence of methane in the water of 
Lake Nitinat (Table 1) is evidence that such 
fermentation takes place, and according to 
McCarty ( 1964) , the pH of Lake Nitinat 
waters is in the range found to be optimum 
for methane formation. According to 
McCarty, one methane producing process 
observed in waste streams occurs at the ex-
pense of glucose : 
CGH1206 = 3 CO2 + 3 CH4. 
Applying this process to the model organic 
matter, 
(CH20hoG(NHa)iG(ll3P04) = 53 CH4 
+ 53C02 + 16 NH3 + HaP04 , (7 ) 
and during the process to.CO2 : t..CH4 : 
t..NH3 : t..HaP04 = 53: 53: 16: 1. The ratio 
of CO2 production to ammonia release is 
therefore one-half of the value of this ratio 
during sulfate reduction or one-quarter of 
the value to be expected if each molecule of 
CO2 evolved from organic matter reacts ac-
cording to equation ( 6) , This may account 
for the slope in Fig. 14 having a value of 
141 : 16 instead of 106 : 16 as would be pre-
dicted from equation ( 4) or of 212 : 16 as 
would be predicted from equations ( 4) and 
( 6) if every mole of CO2 arising from or-
ganic decomposition dissolved one mole of 
calcium carbonate. Conversely, the ratio in 
which ammonia and phosphate arc released 
to the water should be the same during fer-
mentation as during sulfate reduction. 
Distribution of ferrous sulfide 
During J unc 1965, soluble and particu-
late iron were determined on samples from 
Station 3. These results arc presented in 
Table 4. The values for particulate iron 
represent single determinations, while dupli" 
catc determinations were made of soluble 
iron. A maximum in the soluble iron con-
centration occurs near the upper boundary 
of the sulfide zone. This agrees with the 
fact that ferrous ·sulfide, FcS, is more solu-
ble than ferric hydroxide, Fe(OH)a, assum-
ing that, in sulfide-bearing waters, most if 
not all of the ferric iron has been reduced 
to the ferrous state. 
The apparent ion product of ferrous sul-
fide was determined from the data in Table 
4. The ferrous iron concentration was found 
directly from the determination of total solu-
ble iron. The sulfide ion, S\ concentration 
was computed from the following expres-
sion, 
[s .] ( I 1. ) H2S-K1'K2' ' mo es/ 1ter = ----~ - -. [H+J2 + Kl'[l-1+] . (8) 
K1' and K2' are the first and second ap-
parent dissociation constants for hydrosul-
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furic acid, H 2S, and are given as a function 
of salinity by Skopintsev ( 1957). The con-
centration of the hydrogen ion in Sko-
pintsev's expression is assumed to he equiv-
alent to the apparent hydrogen ion activity 
as detCTmined hy electrometric pH deter-
minations. 
pK1' = 7.04 - 0.4y; ( 9) 
and 
pK2' = 14.92 - l.2y--;_;, ( 10) 
where ft is the ionic strength and is approxi-
mately equal to 0.020 S%,, The tempcratme 
dependence of these constants is not known. 
Total sulfide is defined as the sum of all 
dissociation products of hydrosulfuric acid, 
:$ H2S = [H2S] + [I-IS-J + rs~1, 
where the square brackets indicate molar 
or ionic concentrations. 
The apparent ion product of ferrous sul-
fide determined by least squares regression 
is 5.3 ± 0.1 X 10-rn molcs2 litcr-2 (Fig. 15). 
The thermodynamic solubility product, 
K11'cS, for ferrous sulfide at 18C is 3.7 X 10-rn 
moles2 liter·2 ( Hodgman 1959, p. 17 40). 
To couect the thermodynamic soluhiJity 
product for ferrous sulfide in distilled water 
for the ionic effects of seawater, estimates 
of the activity coefficients of the ferrous and 
sulfide ions were made. Toe ferrous ion 
activity coefficient, 'Yr1'e++, was estimated to 
be 0.27 from the activity coefficients of fer-
rous chloride, FeCl2, and potassium chlo-
ride, KCl { Harned and Owen 1958). The 
apparent sulfide activity coefficient was esti-
mated from the thci·modynarnic and appar-
ent dissociation constants of hydrosulfuric 
acid: 
where K1 is the first thermodynamic disso-
ciation constant of hydrosuHuric acid and 
K2 the second. 'Yss is the apparent activity 
coefficient of sulfide ion and 'Yrr,s is the 
activity coefficient of the neutral H 2S 
molecule. The thermodynamic dissocia-
tion constants were taken from Ilod6rman 




















[§=]~1 liter/µg-ot. x 10~ 
FlG, 15. Soluble iron vs. rs=J--1 at Station 3, 
June 1965. Computed slope of the line is [Fe++] 
[S 0 ] = 5.3 X 10-'". 
K1 = 9.1 X 10·8, 
K2 = 1.2 X 10·16, 
T=l8C. 
T= 18C. 
Assuming ft = 0.64, K1' and K2 1 were calcu-
lated from equations ( 9) and ( 10). 
Assuming that the activity coefficient of 
a neutral molecule is near 1.1 for solutions of 
the same ionic strength as seawater (Garrels 
and Thompson 1962), the apparent activity 
coefficient of the sulfide ion, 'Ys~, was esti-
mated to be 0.06 from equation ( 11). Tho 
thermodynamic solubility product of ferrous 
sulfide and the apparent solubility product 
of ferrous sulfide arc related by the equa-
tion 
KFeS -K 1 
- FeS. 
'Y ~,e , 'Ys~ 
From the above estimates of 'Yl"e" and 'Ys~, 
Ki,os' = 2.3 X 10-17 moles2 litcr-2• The close 
agreement between the estimated solubility 
product and the observed ion product of 
ferrous sulfide and the linearity of Fig. 15 
are strong evidence that ferrous ion concen-
trations are controlled in this environment 
by the sulfide ion concentration and the 
solubility of ferrous sulfide. 
Distribution of hydrogen sulfide 
Three processes should affect the distri-
bution of sulfide in anoxic basins: 1) in situ 










FtG. 16. Vertical distribution of hydrogen sul-
fide at Stations 1, 2, and 3, June 1964, ( •) and at 
Station 4, June 1005, ( O) compared with the 
model which is represented by the line. 
production of sulfide at depths below the 
oxygenated surface layer, 2) removal of sul-
fide from the anoxie depths by diffusion 
and subsequent oxidation, and 3) diffusion 
of sulfide from or into the bottom. The dis-
tribution of sulfide is governed by the 
equation 
as a as a as a as 
- =-K,,-+-K,,,-+-K-at ax ax ay iJy az az 
as as as 
-u--v--w-+R (12) ax ay az ' 
where as; at is the time rate of change of 
the sulfide concentration, S, and u, v, and 
w are the components of velocity in the x, 
y, and z directions ( z positive downward), 
respectively, K and K,. are the coefficients 
of eddy diffusivity in the vertical and hori-
zontal directions, and R is the rate of in 
situ production of sulfide. 
Lake Nitinat has a shallow sill that re-
stricts the inflow of water to the bottom of 
the basin. Because of this restriction, hori-
zontal and vertical velocities and horizontal 
gradients in the anoxic depths are small. 
Thus, by assuming w = o, as/ ax = o, and 
as; ay = 0, equation ( 12) can be simplified. 
Under these assumptions and that of a 
steady state, equation ( 12) becomes 
~Kas =-R 
az az ' ( 13) 
which can be integrated if K and R arc 
known functions of depth. The coefficient 
of eddy diffusivity will be assumed to be 
constant. The rate of sulfide production, R, 
is a function of the net productivity of the 
water column, the rate of bacterial oxida-
tion of organic matter using sulfate as the 
oxygen source, the sinking rate of organic 
detritus, and the downward diffusive flux 
of soluble organic material. The rate of sul-
fide production probably depends only on 
the concentration of oxidizable organic mat-
ter. The combined effect of these processes 
would be to decrease the rate of supply of 
sulfide exponentially with depth, thus 
( 14) 
where Ro is the rate of supply of sulfide at 
the boundary between the oxygenated and 
anoxic layers of the basin, and a is a con-
stant describing the net effect of the depth-
dependence of the supply of oxidizable or-
ganic matter and the rate constant for the 
bacterial sulfate reduction. Equation ( 14) 
has been derived from Barkley ( 1961), and 
the form of this equation has been tested 
by Wyrtki ( 1962). 
With the above assumptions, equation 
( 13) becomes 
which can be integrated directly to give 
Ro S=-~e~nz +C1 z+C2 (15) Ka2 ' 
where C1 and C2 are constants of integra-
tion. For convenience, the depth at which 
the sulfide concentration is zero will be 
taken as z = 0. The constants C1 and C2 
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arc determined from the boundary condi-
tions 
S (0) = 0 
and 
S(H) = S11, 
where z = H represents the bottom. Equa-
tion ( 15) then becomes 
Ro Ro Sb s:::: --(1- e-aZ) - --(1- e-all)z- -Z 
Ka2 Ka2 H . 
The parameters a and R0/ K were deter-
mined empirically from the data from Sta-
tions 1, 2, and 3 in June 1964 because the 
depth of the oxygenated zone varied from 
15 m at Station I to 35 m at Station 4 in 
June 1965 ( Fig. lC ), but only from 20 mat 
Station 1 to 25 m at Station 4 in June 1964. 
The slope of the anoxic boundary observed 
in 1965 is probably related to the relatively 
weak vertical stratification resulting from 
low river outflow. Agreement between the 
model and observations is good when ,~ = 
4.4 X 10-4 cm-1 and R0 / K = 5 X 10-r, ,ug-at. 
liter-1 sec-1 ( Fig. 16). 
The value obtained for a suggests that the 
fraction of oxidizable organic matter Ieach-
ing the bottom is less than 1 % of that pres-
ent at the top of the anoxic zone. In com-
parison, values of a obtained by Barkley 
( 1961) and Wyrtki ( 1962) describing the 
depth dependence of the oxidation of or-
ganic matter by oxygen in the open ocean 
were between 2 and 9 X 10-5 cm-1 . The 
larger value of a for Lake Nitinat suggests 
that the mganic material in this system is 
more readily oxidized than that in the open 
sea. 
Similarly, in Lake Nitinat the value of 
Ro/ K is an Oidcr of magnitude larger than 
the open ocean values of this parameter ob-
tained by Wyrtki ( 1962) when his values 
for oxygen arc corrected to sulfide equiva-
lences by the relationships of equation ( 4), 
This difference implies that either the eddy 
diffusivity is smaller or that the rate of 
supply of organic matter is larger in Lake 
Nitinat than in the open ocean, or both. 
Because the productive layer in Lake 
Nitinat is limited to at most 30 m and be-
cause the fjord is strongly stratified, it is 
probable that the eddy coefficient is small. 
The vertical distribution of sulfide at Sta-
tion 4 in 1965 docs not agree with the model 
near the bottom (140 m). In 1964 at Station 
4, good agreement with the model was ob-
served, and the concentration of sulfide in-
creased continuously towards the bottom. 
Thus, the observed decrease in sulfide, phos-
phate, total carbon dioxide, and ammonia 
near the bottom of the 1965 Station 4 is in-
terpreted to have resulted from the partial 
flushing of the fjord sometime after June 
1964 and not to a diffusion of sulfides into 
the bottom. The effects of this intrusion of 
new water were barely perceptible at Sta-
tion 3 and not at all at Station 2 in 1965; 
hence the volume of the new water must 
have been small. 
CONCLUSIONS 
The analysis of the data from Lake 
Nitinat indicates that only part of the chem-
ical consequences of decomposition of or-
ganic matter in this environment can be ac-
counted for on the basis of the decomposi-
tion of organic matter having the average 
composition (CH20) 106 (NH3) 16 (H~P04) at 
the expense of dissolved oxygen, nitrate, ni-
trite, and sulfate ions. Anomalous relation-
ships involving the observed concentrations 
of phosphate ions suggest that phosphate 
may be rcmincralizcd more rapidly than 
ammonia or carbon dioxide, or that calcium 
phosphate may be precipitated onto the 
bottom, or both. 
More carbon dioxide is present in the 
water than would he expected from the 
total oxidation that has taken place, sug-
gesting that some, if not all, of the carbonic 
acid so formed reacts with up to cquimolar 
quantities of carbonates to form bicarbon-
ates. This view is strengthened by the high 
carbonate alkalinity values observed. 
Anaerobic fermentation, with the eoncm-
rent production of methane and carbon di-
oxide, appears to take place, as evidenced 
by the detection of up to about 70 p,g-at./ 
liter of methane carbon in the water. The 
vertical distribution of the methane sug-
gests that it is formed in the water column 
rather than diffusing into it from the bot-
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tom. The low pH values in Lake Nitinat 
may represent a more favorable environ-
ment for bacterial methanogcnesis than oc-
curs in other marine environments. 
Considerations of the vertical distribu-
tions of the undissociated and ionic forms of 
sulfide and of soluble iron lead to the con-
clusion that the sulfide-bearing waters of the 
fjord are in equilibrium with solid ferrous 
sulfide. These may represent the best avail-
able estimates of the solubility of ferrous 
sulfide in seawater of the salinity and tem-
perature found in Lake Nitinat, although 
we have no estimate of the possible effects 
of complex formation on the actual activi-
ties of the ferrous and sulfide ions. 
The vertical distribution of sulfides in 
I ,ake Nitinat can be described by a one-
dimensional mathematical model, because 
horizontal components of velocity and dif-
fusivity can be ignored. The model sug-
gests that in Lake Nitinat the depth rate of 
supply of sulfide and the ratio of the initial 
supply of oxidizable organic matter to the 
eddy di.ffnsivity are both an order of mag-
nitude larger than values of comparable 
parameters obtained for the open ocean. 
REFERENCES 
ANDERSON, D. H., WlTlJ R. J. ROBINSON. 1946. 
Tiapi.d clectromctric determination of the alka-
linity of sea water. Ind. Eng. Chem., An<ll. 
Edition, 18: 167-773. 
BARKLEY, R. A. 1961. A one-dimensional model 
of the vertical distribution of dissolved phos-
phate in the oceans. Ph.D. Thesis, Univ. 
Washington, Seattle. 42 p. 
BARNES, H. 1959. Apparatus and methods of 
oceanography, Part one: Chemical. George 
Allen and Unwin, Ltd., London. 341 p. 
BATES, R. G. 1951. First dissociation constant of 
phosphoric acid from 0°-60°C, limitations of 
the electromotive force method for moderately 
strong acids. J. Res. Natl. Bur. Std., 47~ 127-
134. 
---,ANDS. F. AcREE. 1943. pH values of cer-
tain phosphate-chloride mixtures, and the sec-
ond dissociation constant of phosphoric acid 
from D°-60°C. J. Iles. Natl. Bur. Std., 30: 
129-155. 
IlnANDHOl'IST, W. 1959. Nitrification and denitri-
fication in the eastern tropical Pacific. J. 
Conscil, Conseil Perm. Intern. Exploration 
Mer, 25: 3-20. 
BnoENKOW, W. W. 1963. Quantitative estimates 
of the dissolved gases in sea water. M.S. 
TI1csis, Univ. Washington, Seattle. 59 p. 
1965. The distribution of nutrients in 
the Costa Rica Dome in the eastern tropical 
Pacific Ocean. Limnol. Oceanog., 10: 40~52. 
CAURUTIIBRS, J. N., H. G. STUBBtNGS, AND A. L. 
LAWFOf!D. 1950. Water sampling in cstuarial 
waters. Dock and Harbour Authority, Dc-
ccmbc.-: 2-12. 
Dmrf., R. S., K. 0. EMi,:uY, AND F. P. SnEPABn. 
1942. Phosphate deposits on the sea floor off 
southern California. Bull. Gcol. Soc. Am., 53: 
815-847. 
FARH, T. D. [compiler]. 1950. Phosphorus. 
Properties of the element and some of its com-
pounds. Tenn. Valley Authority. Chem. Eng. 
Hept. No. 8. 93 p. 
CARRELS, R. M., AND M. E. THOMPSON. 1962. A 
chemical model for sea water at 25°C and one 
atmosphere total pressure. Am. J. Sci., 260: 
57-66. 
GA.ST, J. A., AND T. G. THOMPSON. 1958. Deter-
mination of the alkalinity and borate concen-
tration of sea water. Anal. Chem., 30: 1549~ 
1551. 
G1tEEN, E. J. 1965. A redetermination of the 
solubility of oxygen in sea water llnd some 
thermodynamic implications of the solubility 
relations. Ph.D. Thesis, Massachusetts Insti-
tute of Technology, Cambridge. 137 p. 
GuILr., E. V., AND F. A. Rieu.urns. 1964. Nutrient 
regeneration from phytoplankton decomposing 
in seawater. J. Marine Res., 22i 51-69. 
IIAaNED, H. S., AND B. B. OwEN. 1958. The 
physical chemistry of electrolytic solutions. 
,3rd ed. Reinhold, New York. 803 p. 
llABVlsY, H. W. 1955. Chemistry and fertility of 
sea water. University Press, Cambridge. 224 p. 
Ho.OGMAN, C. D. [ed.] 1959. Handbook of chem-
istry and physics. 40th ed. Chemical Rnbbm· 
Publishing Co., Cleveland, Ohio. 3456 p. 
KOLTHOFF, I. M. 1929. Volumetric analysis, prac-
tical volumetric analysis, v. 2. Wiley, New 
York. 552 p. 
McCARTY, P. L. 1964. The methane fermenta-
tion, principles and applications in aquatic 
microbiology, p. 314-343. In H. Heukclekian 
and N. C. Dondero [eds.], Principles and ap-
plications in aquatic microbiology. Rudolfs Re .. 
search Conference Proceedings, 1963. Wiley, 
New York, London, Sydney. 
MuLLIN, J.B., AND J.P. RILEY. 1955a. The color-
imetric determination of silicate with special 
rnference to sea and natural waters. Anal. 
Chim. Acta, 12: 162--176. 
---, ANn ---. 1955b. The spectrophoto-
metric determination of nitrate in natural 
waters, with particular reference to sea water. 
Anal. Chim. Acta, 12: 464-479. 
MURPHY, J., AND J.P. RILEY. 1962. A modified 
single solution method for the determination 
of phosphate in natural waters. Anal. Chim. 
Acta, 27: .31-36. 
NonTHCOTE, T. G., M. S. WILSON, AND D. R. 
HunN. 1964. Some characteristics of Nitinat 
ORGANIC DECOMPOSITION IN AN ANOXIC FJORD R201 
Lake, an inlet on Vancouver Island, British 
Columbia. J. Fishe1'ics Res, Iloai·cl Can., 21: 
1069-1081. 
PATE, J. B., ANn R. J. RomNsON. 1958. The 
( ethylencdinitrilo) tetra-acetate titration of 
calcium and magnesium in ocean waters. I. 
Determination of calcium. J. Marine Res., 
1 7: 390-402. 
REDFlELD, A. G. 1934. On the proportions of or-
ganic derivatives in sea water and their rela-
tion to the composition of plankton, p. 176-
192. In James Johnstone Memorial Volume. 
Univ. Liverpool Press. 
194.2. Tho processes determining the 
concentration of oxygen, phosphate and other 
organic derivatives within the depth of the At-
lantic Ocean. Papers Phys. Oceanog. Meteorol., 
9: 22p. 
1958. The biological control of chemi-
cal factors in the environment. Am. Scientist, 
4,6: 205-221. 
JhcnArms, F. A. 1958. Dissolved silicate and re-
lated pro11erties of some western North Atlan-
tic and Caribbean waters. J. Marino Res., 17: 
449-465. 
1965. Anoxic basins and fjords, p. 611-
645. In J. P. Riley and G. Skirrow [eels.], 
Chemical oceanography, v. 1. Academic, Lon-
don and New Ymk. 
( In press.) Chemical observations in 
some anoxic, sulfide-bearing basins and fjords. 
Proc. Second Intern. Conf. vVater Pollution 
Res. HJ64. Tokyo. 
---, AND R. A. Ku:TScn. 1964. The spectro-
photometric determination of ammonia and 
labile amino compounds in fresh and seawater 
by oxidation to nitrate, p. 65-81. In Y. Miyake 
and T. Koyama [eds.I, Ken Sugawara Festival 
Volume, Recent researches in the fields of 
hydrosphere, atmosphere· and nuclear geo-
chemistry. Maruzen Co., Tokyo. 404 p. 
---, ANl> R. F. VACCAim. 1956. The Cariaco 
Trench, an anaerobic basin in the Caribbean 
Sea. Deep-Sea Res., 3: 214---228. 
Hn,EY, G. A. 1951. Oxygen, phosphate, and ni-
trate in the Atlantic Ocean. Bull. Bingham 
Occanog. Collection, 12: 1-126. 
. lS56. Oceanography of Long Island 
Sound 1952-1954. IX. Production and utili-
zation of organic matter. Bull. Bingham 
Oceanog. Collection, 15: 15-46. 
ScnoLANDEn, P. F. 1947. Analyser for accurate 
estimation of respiratory gases in one-half 
cubic centimeter samples. J. Biol. Chem., 
167: 235-250. 
SENDROY, J., Jn., AND A. B. HASTlNGS. 1927. 
Studies of the solubility of calcium salts. II. 
The solubility of tertiary calcium phosphate in 
salt solutions and biological fluids. J. Biol. 
Chem., 71: 783-796. 
-SKOI'INTSEV, B. A. 1957. The study of redoxpo-
tcntial of the Black Sea waters. Gidrokhiro. 
Matcrialy, 27: 21-36. 
S'l'El"t\.NSSON, U., AN!) F. A. RICIIAHIJS. 1963. 
Processes contribnting to the nutrient distribu-
tions off the Columbia River and Strait of 
Juan de Fuca. Limnol. Ocoanog., 8: 394-110. 
. SnuCKLAND, J. D. H., AND T. R. PAnsoNs. 1960. 
A manual of sea water analysis. Dull. FM1crics 
Res. Board Can., 125: 185 p. 
SucwnA, Y. 1965. On the reserved nutrient mat-
ters. La Mer Bull. Soc. Franco-Japanaisc 
Oceanog., 2: 7-91. 
---, AND II. YosmMunA. 1064. Distribution 
and mutual rchtion of dissolved oxygen and 
phosphate in the Oyashio and the northern 
part of Knroshio regions. J. Occanog. Soc. 
Japan, 20: 14-23. 
Sw1NNEnTON, J. W., V. J. LmN.ENnoM, AND C. H. 
CHEEK. 1962a. Determination of dissolved 
gases in aqueous solutions by gas chromatog-
raphy. Anal. Chem., 34,: 483-485, 
---, ---, AND ---. 1962b. Revised 
. sampling procedure for determination of dis-
solved gases in solution by gas chromatog. 
raphy. Anal. Chem., 34: 1509. 
Tl\UESDALE, G. A., A. L. DOWNING, AND G. P. 
Low1mN. 1955. The solubility of oxygen in 
pure water and sea-water. J. Appl. Chem., 5: 
53-62. 
WYI\TKI, K. 1962. The oxygen minima in relation 
to ocean circulation. Deep-Sea Res., 9: 11-23. 
